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Linear and nonlinear optical response are calculated for lattice models of Langmuir-Blodgett 
films. Molecules are treated as a set of five point submolecules, when interactions outside a layer 
are negligible. Molecular polarizabilities and hyperpolarizabilities are treated as axially 
symmetric with an anisotropy of 5:l. Local fields, linear susceptibilities, refractive indices, and 
quadratic and cubic nonlinear susceptibilities are calculated. All the properties depend markedly 
on molecular tilt away from the normal to the film, but very little on distortions from axial 
packing in the film. One-dimensional approximations to the hyperpolarizabilities tend to 
underestimate significantly the magnitude of the nonlinear susceptibility coefficients. Cascading 
terms quadratic in the first hyperpolarizability augment the cubic susceptibility substantially 
from the direct terms linear in the second hyperpolarizability. Extensions to more realistic 
models are outlined. 
I. INTRODUCTION 
The Langmuir-Blodgett (LB) technique’ allows mo- 
lecular films of precise thickness to be deposited in a cho- 
sen sequence. It requires amphiphilic molecules that ad- 
sorb at the surface of a subphase, from which molecular 
layers are deposited onto a substrate by dipping. Building 
other functionality into the molecules then allows the films 
to have useful properties. Optical properties have attracted 
particular attention. Molecular materials in general are 
promising for nonlinear optics applications,24 and the 
Langmuir-Blodgett technique allows one to construct non- 
centrosymmetric films, which are essential for quadratic 
nonlinear properties such as second-harmonic generation 
and the Pockels effect. 
Ideally, one would like to be able to design molecules 
that yield Langmuir-Blodgett (LB) films with desired 
properties. This is a plausible goal, because the molecules 
retain their identities in the material, so that the material 
properties arise from the molecular properties, the molec- 
ular arrangement, and the molecular interactions.5 Much 
attention has been given to the theoretical calculation of 
molecular nonlinear optical response, described by the mo- 
lecular hyperpolarizabilities6 This has mostly been applied 
to fairly small molecules or to polymers, but extension to 
molecules with hydrophobic “tails” suitable for Langmuir- 
Blodgett deposition seems to offer no problem of principle. 
Theoretical studies of LB film structure by molecular dy- 
namics and other modeling techniques are now develop- 
ing.7-‘0 There is a tradeoff between the level of detail of the 
potential used (e.g., whether to describe all atoms or to 
treat groups of atoms as single centers) and the number of 
molecules that can be treated (e.g., one layer or more). 
“Present address: The Islamic University of Gaza, P.O. Box 108, Gaza, 
Gaza Strip, via Israel. 
However, it appears that simplified potentials constrained 
to agree with more detailed potentials for simple systems 
can provide useful predictors of multilayer structure.“V12 
The role of molecular interactions in determining 
properties of LB films has been less well explored. The 
interactions of concern for optical properties are electric 
dipole interactions. These change the field experienced by a 
molecule from the applied field, corresponding to the elec- 
tric vector of a light wave, to the local field. The impor- 
tance of the local field in determining the optical properties 
is well attested, as is the difficulty of treating it. “This 
macroscopic local field is... difficult to handle.“13 “The 
concept of local fields is of great importance... . Their treat- 
ment, especially in the case of elongated molecules, is not 
yet understood.“‘4 In previous work, we have shown how 
the local field in layered molecular media can be handled 
algebraically via the concept of planewise sums of electric 
dipole interactions. l5 The accompanying paperr presents 
calculations of these sums for model LB film structures. By 
treating the molecules as a string of “beads” each regarded 
as a polarizable interaction center, one can deal with mo- 
lecular elongation and in simple cases regain the Lorentz 
cavity result for the appropriate needle-shaped cavity. One 
can also deal with molecular tilt, which is known to be 
common after deposition’7 and indeed on the subphase 
before deposition” and turns out to be very important in 
the planewise sums. The present paper builds on this back- 
ground to calculate the linear and nonlinear optical re- 
sponse of model LB film structures selected from those 
studied previously. The molecular polarizability and hy- 
perpolarizability are also taken in simplified forms that are 
chosen to be broadly consistent with theoretical calcula- 
tions but help to clarify the role of the structure and inter- 
actions in determining the film properties. Preliminary re- 
ports of this work have appeared elsewhere.‘9’20 
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II. METHOD 
A. Model structure 
In the accompanying paper16 we consider a variety of 
model structures for LB films. Each structure treats the 
molecule as a string of s spherical “beads.” Beyond about 
s=5 the planewise dipole sums averaged over all pairs of 
“beads” show little dependence on s, and so the structures 
considered here all take s= 5. 
Parent hexagonal and tetragonal structures are treated, 
starting with the molecules vertical (normal to the layers) 
in triangular or square packing respectively. The planewise 
dipole sums are qualitatively very similar for the two par- 
ent structures, and so the structures considered here are all 
based on the parent hexagonal structure with one molecule 
per unit cell. Our aim is to explore gross features of the film 
response rather than details that depend on the particular 
choice of the simplified model structure. 
Tilt of the molecules away from the vertical has a ma- 
jor effect on the planewise dipole sums. However, tilt along 
the nearest-neighbor or next-nearest-neighbor directions 
has much the same effect when referred to the same coor- 
dinate system relative to the plane in which the tilt occurs. 
Hence the structures considered here all treat next-nearest- 
neighbor tilt. This lowers the symmetry of the parent hex- 
agonal structure to monoclinic. It is then convenient to 
perform the calculations for a monoclinic unit cell of axial 
ratio a:b = ,l3: 1, with the conventional Cartesian axis system 
adopted such that z is normal to the layers and xz is the 
plane of tilt, so that XII a, leaving yI[ 6. The structure con- 
sidered is therefore as illustrated in Fig. 1. Brief consider- 
ation is also given to structures distorted by being elon- 
gated along a and compressed along b. 
B. Algebraic theory 
The basic theory for linear and nonlinear optical re- 
sponse of layered materials has been presented previ- 
0us1y.‘~ It draws on the idea that planewise dipole interac- 
tions fall off rapidly with the separation between layers. 
One can then define a range r such that the interaction 
between layers is negligible if r or more layers intervene. 
This means that the top 2rf 1 layers couple together to 
constitute a surface region with gradations of behavior, 
while deeper layers constitute a bulk region of uniform 
behavior unaffected by the surface. The bulk properties are 
calculated by well-established methods,21 using bulk dipole 
interactions given by the sum of all non-negligible plane- 
wise dipole interactions. The surface properties are calcu- 
lated by solving a set of 2r+ 1 coupled equations that join 
suitably to the bulk properties. In all cases, the material is 
assumed to be subjected to a uniform external applied elec- 
tric field. This assumption is reasonable for optical prop- 
erties, where the wavelength of the incident light is at least 
two orders of magnitude larger than molecular dimensions, 
so that any variation in the electric field is negligible be- 
tween adjacent molecules. 
For the present model LB film structures, the plane- 
wise dipole interaction between adjacent layers is typically 
no more than 1% of that within a layer (and frequently 
FIG. 1. The model structure. Above, triangular packing of the molecules 
shown in plan view with the monoclinic unit cell, and below, elevation 
showing molecular tilt away from the vertical. 
much less), while that between remoter layers is orders of 
magnitude smaller.16 Hence strictly speaking r= 1. How- 
ever, taking r=O introduces errors of only 1% or 2%, for 
what are in any case model calculations, while greatly sim- 
plifying the algebra. For r=O the layers behave indepen- 
dently, with no distinction between the surface and bulk 
regions, and with no dependence on the substrate. (Sub- 
strate effects are not expected to be important for dielectric 
substrates, anyway. 13*22) We therefore treat r as 0 hence- 
forth. 
The planewise dipole tensor sum between layers g and 
g’ is written as T(g,g’), which is a function only of g-g’ 
if all layers are the same. Taking r=O means considering 
only T(O), and the zero will therefore no longer be writ- 
ten. The necessary algebraic results can be derived as spe- 
cial cases of earlier work,15923*24 but for r=O the direct 
derivations are simple and instructive. 
Let the applied electric field be p. This induces in each 
molecule a dipole moment p. The local electric field expe- 
rienced by each molecule is then 
F=@+ T-p/e,v, (1) 
where v is the volume per molecule, i.e., the unit-cell vol- 
ume. Here T is defined as previously,‘6 with a factor 44~ 
making it dimensionless. The linear induced dipole mo- 
ment is related to the local field by 
p=a- F, (2) 
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where a is the molecular polarizability (nonlinearity is 
treated later). Substituting Eq. (2) in Eq. ( 1) allows one 
to solve for the local field in terms of the applied field. 
However, material response is usually expressed in terms 
of the macroscopic electric field, which is the quantity that 
appears in Maxwell’s equations and is directly related to 
experimental quantities such as the potential difference 
across a sample. 
The macroscopic electric field E is related to the ap- 
plied field via the macroscopic electric polarization P ac- 
cording to 
E=iI%n(n . P)/eo. (3) 
Here n is the unit normal to the layers, so that n . P gives 
the normal component of the polarization, which is the 
surface charge density (T producing a field of magnitude 
a/e0 normal to the layers in opposition to ,!?‘. In the 
present case P is just p/v, so that I.$’ can be eliminated 
between Eqs. ( 1) and (3) to yield 




is the planewise Lorentz-factor tensor. Equation (4) can be 
regarded as the planewise equivalent of the Ewald ap- 
proach, which transfers into the macroscopic field any 
shape-dependent factors, leaving a purely material- 
dependent response in terms of L. The problem of deter- 
mining the macroscopic field has been referred to as deter- 
mining the “geometric” local field.13 It is in anticipation of 
Eqs. (4) and (5) that the planewise dipole sums in the 
accompanying paper16 are expressed in terms of L rather 
than T. In practice, with the z axis chosen normal to the 
layers, Eq. (5) means that L differs from T merely by 
adding 1 to T,. 
Substituting Eq. (2) in Eq. (4) allows one to solve for 





a = a/Eov (7) 
is a dimensionless reduced polarizability and d is the local- 
Jield tensor (the “microscopic” rather than the geometric 
local field13). Equation (6) solves the problem of the self- 
consistent polarization response of the molecules in their 
mutual dipole fields, and provides the basis for evaluating 
the linear response of the material. 
The linear electric susceptibility x”’ is defined by 
P=eoxC1) . E. (8) 
Then expressing P successively in terms of p, F, and E 
yields the result 
*(‘)=a*d, (9) 
from which the relative permittivity tensor E, follows as 
1+x . (I) The linear optical response is described by the 
refractive index, which is derived from the indicatrix ten- 
sor e;‘. In a direction described by the unit vector e, the 
corresponding refractive index n, is given by 
l/n:=e*e;‘*e. (10) 
Once the molecules tilt, the axial symmetry of the structure 
is lost, so that the z axis is no longer a principal axis of the 
relative permittivity tensor, and the refractive index n, is 
no longer given simply by the square root of the zz- 
component of e,. 
These results for linear response for noninteracting lay- 
ers of molecules with one molecule per unit cell are iden- 
tical in form to those for a molecular crystal with one 
molecule per unit ce1k21 the essential difference is the in- 
terpretation of L as a planewise sum rather than a bulk 
sum. It follows that the results for nonlinear response of 
noninteracting layers are a corresponding reinterpretation 
of the results25 for a molecular crystal. 
The quadratic susceptibility xC2) gives the polarization 
contribution PC2) quadratic in the macroscopic field, 
PC2) = E,x’~‘:EE. 
It is obtained as15T19120 
xC2) = d= . b:dd, 
where the superscript 
(11) 
(12) 
T denotes the transpose and the 
quantity b is the reduced first hyperpolarizability tensor 
fi/ecv, /3 being the molecular first hyperpolarizability ten- 
sor, which is of third rank, like xC2’. For simplicity, fre- 
quency dependence is not indicated, since the numerical 
calculations reported later do not take explicit account of 
frequency. The expression for xC2) contains not two local- 
field tensors, as might have been expected from the two 
macroscopic field factors in PC2), but three. This is because 
the nonlinear molecular response makes the local field a 
nonlinear function of E, but the effect of this nonlinearity 
(linear response to quadratic nonlinearity in the local 
field) can be expressed in terms of the usual linear local- 
field tensor d. 
The cubic susceptibility xC3) gives the polarization con- 
tribution PC3) cubic in the macroscopic field 
PC3) = eoxC3) i EEE. 
It is obtained as the sum of two contributions25 
(13) 
X (3) =X’3d’ +X(3c). 
The first is the direct contribution given by15119 
(14) 
x’~~’ =d=d=:c:dd, (15) 
where the quantity c is the reduced second hyperpolariz- 
ability tensor y/eov, with y the molecular second hyperpo- 
larizability tensor, which is of fourth rank, like xC3’. This 
contribution is comparable in form with Eq. ( 12) for xC2’, 
but the additional cascading contribution arises from qua- 
dratic response to quadratic nonlinearities in the local field, 
and so is of a different form15*19 
xC3=) =2d=d=:b. d * L . b;dd. (16) 
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The factor of 2 arises from the two input local fields to the 
quadratic response, each of which can contribute a qua- 
dratic nonlinearity. As can be seen, the first hyperpolariz- 
ability p is responsible not only for producing xc2) but also 
for contributing to x’~‘, so that one question to be ad- 
dressed is the relative importance of the terms in p and y in 
(3) x . 
TABLE I. Independent nonzero components Q of the reduced polariz- 
ability as a function of tilt 6 from the vertical. 
The foregoing equations provide microscopic expres- 
sions for the linear and nonlinear optical susceptibilities in 
terms of the molecular response and the local-field tensor. 
Calculating the local-field tensor requires the molecular 
polarizability and the Lorentz-factor tensor, which may 
not be readily obtainable. Treatments of optical response 
therefore often use an approximate form for the local-field 
tensor. This usually originates from the classic treatment of 
the local field by Lorentz, which is valid for cubic and 
isotropic materials. In such materials, the Lorentz-factor 
tensor is isotropic, with diagonal elements each equal to 
l/3 by symmetry. The local-field tensor is then also isotro- 
pic, with diagonal elements l/( 1 --a/3). It follows that the 
linear susceptibility, the relative permittivity and the re- 
fractive index n can all be expressed solely in terms of a. 
Then the Lorentz local-field factor can be expressed in 





xx XI YY 2.z 
0.200 0 0.200 1.000 
0.294 0.257 0.200 0.906 
0.531 0.394 0.2cKl 0.669 
cules s. The resulting anisotropy in the molecular response 
is then large enough to show clearly the effect of molecular 
tilt but not so large that it is likely to exaggerate the effect. 
The molecules are treated as axially symmetric, with 
axes XYZ, Z being the axis of symmetry. In these axes, the 
polarizability is diagonal, and of the form 
a00 
a= OaO , 
( 1 0 0 sa 
(19) 
f = (n2+2)/3, (17) 
where the customary symbol f has been used rather than 
d. In strongly anisotropic media this treatment is obviously 
questionable, and the anisotropic Lorentz local-field factor 
uses an equation like Eq. ( 17) for each direction e in terms 
of the corresponding refractive index n,, 
where for the structures treated here s= 5. The polarizabil- 
ity enters the susceptibilities only in the dimensionless 
form ~=a&, and so it is convenient to fix not a in Eq. 
( 17) but a/ecu. We take this quantity to be 0.2. For a cubic 
crystal of spherical molecules this polarizability would lead 
to a susceptibility of 0.5, a relative permittivity of 1.5, and 
a refractive index of 1.22, so it is not especially high. 
f,= (nz+2)/3. (18) 
Ideally this equation should be used with e as one of the 
principal axes of the indicatrix, for only then is the refrac- 
tive index directly related to the corresponding component 
of the susceptibility. 
C. Molecular response 
To evaluate the linear and nonlinear susceptibilities, 
we need a suitable molecular polarizability Q and first and 
second hyperpolarizabilities fi and y. There has been ex- 
tensive study of these quantities, both theoretically6 and 
experimentally.26 One question that has received particular 
attention is the dependence of the molecular response co- 
efficients on the length of the conjugation path in the mol- 
ecule. This dependence is strongly nonlinear, with the re- 
sponse typically varying as the third to the sixth power of 
the length. Molecules that are from Langmuir-Blodgett 
films are usually elongated, but the elongation is normally 
due to a hydrophobic aliphatic “tail” attached to a hydro- 
philic head group. If the molecules are also designed to 
confer nonlinear optical properties, then the “head” is nor- 
mally a conjugated nonlinear chromophore, with no con- 
jugation in the chain (apart from perhaps an isolated one 
or two bonds useful for polymerizing the LB film to make 
it stable). Hence we have chosen to model the molecular 
response very simply, with the response along the molec- 
ular axis linearly proportional to the number of submole- 
For the first hyperpolarizability it is assumed similarly 
that the only nonzero components are /3zXx, pzXX, and 
pzzz (and those equal to them by symmetry). Here, unlike 
the polarizability, there is no requirement that the compo- 
nents should all be positive, and the molecule must lack a 
center of symmetry for them to be nonzero. For urea, pzzz 
is negative and roughly equal in magnitude to &XX,27 
which corresponds to a magnitude of about 1 pm V-’ for 
the components of reduced polarizability fi/ecv. Similarly, 
for 1,3-dinitrobenzene (mDNA) flzzz is negative and 
about three times the magnitude of /?zXXX,28 which corre- 
sponds to - 4 pm V- ’ for 6,. The greater anisotropy for 
mDNA compared with urea is consistent with the greater 
size and elongation, each nitro group and the benzene ring 
being comparable in size with the urea molecule. From 
these and other similar calculated hyperpolarizabilities, we 
conclude that it is a reasonable model to take /3zXX=fi 
=Pzrr and pzzz= -SD, so that s determines the anisot- 
ropy as already indicated. The value of fl is fixed by taking 
TABLE II. Independent nonzero components d,, of the local-field tensor 
as a function of tilt 0 from the vertical. 
4 
9 .xX .xz YY zx 22 
0” 1.109 0 1.109 0 1.018 
20” 1.197 0.265 1.103 0.069 1.137 
40” 1.357 0.384 1.092 0.359 1.450 
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TABLE III. Independent nonzero components xas of the linear suscep- 
tibility tensor as a function of tilt 0 from the vertical. 
TABLE V. Anisotropic Lorentz local-field factors f, as a function of tilt 
0 from the vertical. 
e xx x.2 YY 22 
o- 0.222 0 0.222 1.018 
2(r 0.369 0.370 0.221 1.098 





x Y z 
1.074 1.074 1.340 
1.101 1.074 1.333 
1.193 1.073 1.266 
b=B/e,,v=3.8 pm V-l. This is consistent with quadratic 
susceptibility values observed for moderately active molec- 
ular crystals.29 
Information on the second hyperpolarizability is less 
extensive. For polyenes, it is clear that y is extremely an- 
isotropic,30’3’ with ~zzzz as much as two orders of magni- 
tude larger than ‘yXXXX, and increased anisotropy for a 
substituted polyene.31 In previous work on nitroanilines,32 
we used the “one-dimensional” assumption that only 
yzzzz is nonzero, implying that all low-energy electronic 
transitions carrying significant oscillator strength are po- 
larized along the molecular axis. We have therefore made 
the same assumption here, with ‘yzzzz=sy and the value of 
y fixed by taking c= y/~~u=200 (pm V-1)2. This assump- 
tion is probably better for y than for p, but in comparing 
the direct contribution to xc3’ arising from y with the cas- 
cading contribution arising from /3, we have investigated 
not only the form already given for fl but also for consis- 
tency the one-dimensional form assuming that only flzzz is 
nonzero (and equal to its previous values). 
reduced polarizability has the same value for a given tilt, as 
shown in Table I relative to the xyz axes defined in Sec. 
II A. Since tilt takes place in the xz plane, a,,,, is constant, 
while uXX and (I, approach one another as the tilt angle 8 
approaches 45”. 
The planewise Lorentz-factor tensors are tabulated in 
the accompanying paper.16 The resulting local field com- 
ponents are given in Table II; the xz and zx components 
are not required to be equal by symmetry. The local field in 
the y direction changes only slightly with 8, via small 
changes in Lyy . Both dxz and d, increase steadily, d, 
through the increase in axx and d, through that in L,. Tilt 
induces steadily increasing off-diagonal components d, 
and d, which mean that electric fields applied parallel or 
perpendicular to the film yield local fields at sizable angles 
to these directions; the local field tends to follow the tilt. 
These response coefficients are intended to be illustra- 
tive and hence include no frequency dependence. This ex- 
cludes any possible enhancement of the response near res- 
onance. It also gives the nonlinear response tensors a 
higher symmetry than they should have in general. For 
example, flABc is here taken to be symmetric under all 
interchanges of ABC, whereas for second-harmonic gener- 
ation it would not be symmetric under interchanges involv- 
ing A and for the Pockels effect (linear electro-optic effect) 
it would not be symmetric under interchanges involving C. 
Hence the nonlinear susceptibilities may also show a 
higher symmetry than they should have in general. 
Table III gives the components of the linear suscepti- 
bility x(l), which reflect the separate behavior of a and d. 
Once again, the yy component hardly changes. The in- 
crease in d,, with tilt combines with that of ax. to give a 
sizable increase with xXx, but the increase in d, combines 
with a decrease in a,, leaving only a small increase in xu. 
At the same time, xXZ increases significantly with tilt 
through both factors. 
III. RESULTS 
A. Linear response 
Results are presented as a function of tilt for the parent 
structure and for its distorted variants. In each case, the 
From the linear susceptibility tensor we obtain the rel- 
ative permittivity tensor and the refractive indices, which 
are shown in Table IV. Because they come from the inverse 
of the relative permittivity tensor, which has sizable off- 
diagonal components once the molecules start to tilt, the 
refractive indices are not simply related to the diagonal 
components of x(l) in Table III. It is seen that n, increases 
steadily with tilt, while n, decreases steadily. Also given in 
Table IV is the angle #J by which the principal axes of the 
indicatrix tensor E; ’ are rotated away from x and z (y 
always remains a principal axis). This indicates that the 
principal axes are determined almost entirely by the mo- 
lecular tilt and not by the layer structure. 
TABLE IV. Refractive indices n, along the film Cartesian axes and the 
rotation 4 of the principal axes in the xz plane as a function of tilt 8 from 
the vertical. 
a 
e x Y z 4 
r 1.105 1.105 1.421 0” 
20" 1.142 1.105 1.414 22.7" 
40” 1.256 1.104 1.341 40.2” 
Given the refractive indices, we can calculate the an- 
isotropic Lorentz local-field factors, which are given in Ta- 
ble V. The results are to be compared with those in Table 
II. As the molecules tilt, f, increases, but less markedly 
than d,, , and f,, and dy,, remain effectively constant; but f, 
decreases slightly while d, increases markedly. The Lor- 
entz local-field approximation often fails to reproduce an- 
isotropy well, especially for elongated molecules.33 The 
present results accord with this experience, with the ap- 
proximation improving as the molecules tilt and the struc- 
ture becomes more isotropic. Because Table V is calculated 
using Eq. ( 18) for the x, y, and z axes, there are necessarily 
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TABLE VI. Independent nonzero components &$ of the anisotropic 
Lorentz local-field tensor, calculated in the principal optical axes and 
rotated back to the film Cartesian crystal axes, as a function of tilt 6 from 
the vertical. 
TABLE VIII. Independent nonzero components boa/pm V-’ of the re- 
duced molecular first hyperpolarizability in the film Cartesian axes as a 
function of tilt 6 from the vertical. 
e xx x2 YY .z? 
r 1.074 0 1.075 1.340 
2w 1.123 0.123 1.074 1.366 
w 1.287 0.258 1.073 1.374 
e XXX XYY xi?.? 2xX VY ZZZ 
0” 0 0 0 3.8 3.8 - 19.0 
20” -2.68 - 1.30 7.88 0.23 3.57 - 14.51 
‘w 0.75 -2.44 , 9.02 -6.71 2.9 1 -4.93 
no off-diagonal components. An arguably better procedure 
is to use Eq. ( 18) for the principal optical axes and then to 
rotate the diagonal local-field tensor so obtained back to 
the xyz axes; the anisotropic Lorentz local-field tensor so 
obtained is denoted dAL. The effect of this procedure is to 
introduce symmetrical off-diagonal components smaller 
than d, in Table II; the diagonal components also increase 
somewhat, so that the agreement with Table II is im- 
proved, as Table VI shows. Overall, the main failing of the 
approximation is not reproducing the 45% increase in d, 
between zero tilt and 40” tilt. 
of times because of the monoclinic symmetry. As can be 
seen, the variations with tilt can be quite marked, and b,,. 
even changes sign. 
The various calculations have been repeated for struc- 
tures distorted by 5% and 10% from the parent structure; 
the a axis is lengthened by the stated amount and the b axis 
is shortened by the same amount, so that the unit-cell vol- 
ume does not change, to first order. The results do not 
change a great deal, and so only those for the refractive 
index are given, in Table VII. Comparison with Table IV 
shows that changes in the refractive indices occur only in 
the third decimal place. Taken together, Tables IV and VII 
show that birefringence in the plane of the LB film (the 
difference n, - n,) is a measure primarily of the tilt and not 
of the distortion, at least for the range of values studied 
here. 
B. Quadratic response 
Once the local-field tensors are known for linear re- 
sponse, the quadratic susceptibility xc2) follows from them 
and the reduced molecular first hyperpolarizability b in the 
crystal axes. The latter quantity is shown as a function of 
tilt in Table VIII as an aid to interpreting the results for 
x * (2) Nonzero components must contain y an even number 
The calculated components of the quadratic suscepti- 
bility xc2’ are shown in Table IX. They are all larger in 
magnitude than the corresponding components of b in Ta- 
ble VIII, except for the smallest, xxxr at 40” tilt. Thus the 
local fields generally enhance the magnitude of xc2), and 
the off-diagonal local-field components introduced by tilt 
have no major effects on the pattern of components. The 
importance of fiwx and flzvv relative to that of pzzz is 
seen by calculating xc2’ with the “one-dimensional” form 
of the first hyperpolarizabihty mentioned earlier, viz. only 
pzzz nonzero. The results are shown in Table X. Because 
Pzrv is zero and tilt occurs in the xz plane, all components 
involving y become zero. Otherwise the qualitative behav- 
ior of the components is little changed except for xXxX, 
where the interplay between pzxx and In,,, that causes the 
change of sign in Table IX is lost in Table X. Obviously the 
pattern of measured components xaDr shows whether the 
one-dimensional approximation is reasonable. If only par- 
tial information is obtained from experiment, then the one- 
dimensional approximation may be misleading. For exam- 
ple, the values of ,yLu in Table IX decrease in magnitude 
much faster with tilt than those in Table X, so that inter- 
preting the values in Table IX in terms of the one- 
dimensional approximation would lead to a significant 
overestimate of the tilt. 
TABLE VII. Same as Table IV, for structures distorted by 5% and 10%. 
C. Cubic response 
The calculated components of the direct contribution 
to the cubic susceptibility x’3d’ are shown in Table XI. 
Initially only xz) is nonzero, but as tilt develops it de- 
creases significantly, while other sizable components ap- 










x Y z e 
5% distortion 
1.105 1.106 1.420 0” 
1.140 1.106 I.411 22.5 
1.255 1.104 1.342 40.1” 
10% distortion 
1.104 1.107 1.418 0” 
1.139 1.107 1.407 22.4” 
1.253 1.105 1.341 40.0” 
TABLE IX. Independent nonzero components Xasu/pm V-’ of the qua- 
dratic susceptibility in the film Cartesian axes as a function of tilt 0 from 
the vertical. 
ah 
e xxx XYY XZ.7 zxx rYY zzz 
0” 0 0 0 4.95 4.95 -20.85 
20” -3.84 - 1.82 10.73 0.24 4.84 - 18.53 
40” 0.34 -3.17 13.52 -8.81 4.18 -8.35 
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TABLE X. Independent nonzero components ,~&pm V-t of the qua- 
dratic susceptibility in the film Cartesian axes for a one-dimensional hy- 
perpolarizability as a function of tilt 0 from the vertical. 
e XTX XYY x22 zxx ZYY 2z.z 
(r 0 0 0 0 0 - 20.85 
2(r 1.08 0 7.67 -2.88 0 - 20.42 
40- 6.10 0 10.59 -8.04 0 - 13.96 
The components of the cascading contribution to the 
cubic susceptibility xC3’) calculated for the one- 
dimensional first hyperpolarizability p are shown in Table 
XII. Initially none is significant compared with xz’, but 
they grow markedly as tilt increases. By the time the tilt 
has reached 40”, they are all roughly half the magnitude of 
the corresponding direct component, and of the same sign, 
so that the two contributions reinforce one another. 
The components of the cascading contribution to the 
cubic susceptibility xC3’) calculated for the full first hyper- 
polarizability p are shown in Table XIII. Those in the first 
part of the table involve no components y and so corre- 
spond to those in Table XII. Use of the full fi is seen by 
comparison with Table XII to increase markedly the mag- 
nitude of many components. It also lowers the symmetry, 
so that xE#xxuZ. (3c) This result is implicit in expression 
(16) for-x (3c). Since d*L=(L-‘---a)-‘, this quantity is 
symmetric, so that &f$ is symmetric under the full trans- 
position interchange a&~@, and also under the inter- 
changes a-@ and y”s affecting the symmetric pairs of 
local-field tensors, but not in general under interchanges of 
one of afl with one of ~8. The second part of Table XIII 
contains components that involve components y (which 
must occur an even number of times) and so have no 
counterparts in Table XII. Most are relatively small, but at 
a tilt of 40” the xzyy, yyyy, and yyzz components reach or 
exceed the magnitudes of those in Table XII. Hence al- 
though the additional components of the full fl are only 
20% of the sole component &zz in the one-dimensional /3, 
they introduce much larger percentage changes in the mag- 
nitudes of the components of xC3’). 
The total cubic susceptibility is the sum of the direct 
contribution from Table XI and the cascading contribution 
from Table XII or Table XIII. The results are shown in 
Tables XIV and XV. For the components of xC3’ that do 
not involve y, the corresponding terms in these two tables 
for xXxXx, xx-, and xuu are very similar. However, the 
TABLE XI. Independent nonzero components &$/(pm V-‘)2 of the 
direct contribution to the cubic susceptibility in the film Cartesian axes as 
a function of tilt 6 from the vertical. 
aBrS 
e xxxx xxxz xxn XZZ zzzz 
(r 0 0 0 0 10 800 
20” 209 -556 1480 - 3940 10 490 
40- 2095 -2760 3640 -4790 6310 
TABLE XII. Independent nonzero components X#d(pm V-‘)2 of the 
cascading contribution to the cubic susceptibility in the film Cartesian 
axes for a one-dimensional first hyperpolarizability as a function of tilt 8 
from the vertical. 
e XXXX XXXZ xxz? XZZZ ZZZ 
0” 0 0 0 0 235 
20” 58 - 154 409 - 1090 2900 
40” 1320 -1740 2280 -3010 3970 
full /3 makes xx=. very different from xxxZZ, and greatly 
increases the magnitude of xxuz and xuzr for 40” tilt, so that 
xzzzz is some two-thirds larger at 40” tilt than at zero tilt, 
whereas the one-dimensional j3 makes it slightly smaller at 
40” tilt than at zero tilt. The full p also introduces all the 
additional components of xC3) involving y which are given 
in the second part of Table XIII but for conciseness are not 
repeated in Table XV. Hence using the full fl rather than 
the one-dimensional approximation for p introduces not 
only some quantitative changes but also some significant 
qualitative ones. In either case, the cascading contribution 
is a significant part of the total xC3), and this should be 
remembered in interpreting measured cubic susceptibilities 
or in designing molecules to produce films with high xC3). 
IV. DISCUSSION 
The calculations reported here are designed to eluci- 
date the role of the film structure in determining the optical 
properties of Langmuir-Blodgett films. To this end, both 
the film structure and the molecular response are repre- 
sented by idealized models. As a consequence, detailed 
comparison with experiment is not really appropriate. The 
calculated film refractive indices are rather small compared 
with those usually measured, and the quadratic suscepti- 
bilities are of the same order of magnitude as measured, for 
example in films obtained by derivatizing molecules that 
yield crystals with high quadratic susceptibilities. 11,i2 
TABLE XIII. Independent nonzero components &$/(pm V-‘)2 of the 
cascading contribution to the cubic susceptibility in the film Cartesian 
axes for the full first hyperpolarizability as a function of the tilt 8 from the 
vertical. The first part of the table shows the components corresponding 
to those in Tables XI and XII and the second part shows those which 
were omitted from Tables XI and XII as being zero; hence the second part 
gives the corresponding components of the total susceptibility xc3’. 
aPr6 
e XXXX XXX,? xxw X2X,? XZZ ZZZZ 
0’ 16 0 -61 400 0 235 
20” 23-l 123 -836 361 -886 3 640 
40” 416 -1310 1370 6850 -8800 11940 
aLW 
e XXYY XYXY XZYY XYZY YYYY YYz= Yzyz 
0” 16 0 0 0 16 -61 400 
20” 179 51 228 - 135 198 -839 358 
40” -353 138 1970 -231 5720 -2590 386 
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TABLE XIV. Independent nonzero components &&(pm V-‘)2 of the 
total susceptibility in the film axes for the cascading contribution from 
Table XII (one-dimensional 8) as a function of tilt 9 from the vertical. 
e XXXX xxx= xxz XZZ? .ZZZZ 
0” 0 0 0 0 11030 
2r 266 - 709 1890 - 5030 13 380 
40’ 3410 -4500 5920 -7800 10 280 
to including additional image layers in the calculations of 
the planewise sums, with contributions modified by the 
substrate dielectric properties. Since the planewise sums 
are very small even between adjacent layers, substrate ef- 
fects should not usually be large. However, an exception 
occurs35 when the chromophore is adjacent to the sub- 
strate, so that a sizable dipole moment and its image are 
separated by a distance of the order of submolecule dimen- 
sions. This could help to account for the well-known phe- 
nomenon that the first layer in a film may have properties 
noticeably different from those of subsequent layers. 
In order to make direct comparisons with experiment, 
the method used here needs to be extended. The first ex- 
tension is to treat realistic molecules with a realistic distri- 
bution of linear and nonlinear response, i.e., concentrated 
in (but not confined to) the chromophore that confers the 
nonlinear optical response. This seems to present no prob- 
lem of principle. 
The second extension is to treat sequences of layers 
that are not identical; even for noninteracting layers, the 
present treatment corresponds to X-type or Z-type deposi- 
tion of identical films in identical orientations. More com- 
monly, Langmuir-Blodgett films prefer Y-type deposition, 
with alternating orientations in successive layers. By intro- 
ducing a plane of symmetry, this arrangement precludes 
quadratic nonlinearity perpendicular to the layers but not 
necessarily parallel to them. Hence LB films designed for 
quadratic nonlinearity are often prepared by depositing al- 
ternating chemically different layers designed to have rein- 
forcing or at least noncanceling nonlinearity. All these 
multilayer situations can be treated, including interactions 
between layers if necessary, by a suitable averaging proce- 
dure that takes account of the different macroscopic fields 
in different layers.34 A simple application of this procedure 
yields x (2) for a simple Y-type film with a plane of sym- 
metry in terms of that given for a single layer in Tables IX 
and X; in alternate layers the direction of z is effectively 
reversed, so that components involving z an odd number of 
times cancel. The untilted film is fully centrosymmetric 
and has zero x (2) but the tilted films have sizable xxx, xyy, , 
and especially xzz components. 
Langmuir-Blodgett films are of course not as ordered 
as the present model would imply, although atomic force 
microscopy does yield images that confirm a high degree of 
order.36*37 Dielectric calculations can however be per- 
formed on materials without an underlying lattice symme- 
try by using the self-consistent polarization field (SCPF) 
method.38 Here an inner region is treated at the molecular 
level by an iterative technique while the exterior region is 
treated as a dielectric continuum. Calculations of the po- 
larization energy of excess charges in molecular crystals 
show that the inner region need extend only a few molec- 
ular diameters, covering perhaps 100 molecules, before the 
total energy converges. The SCPF technique has been ex- 
tended to treat submolecules rather than point molecules, 
and also to treat an anisotropic dielectric continuum,39 and 
so could be applied to LB films. Structural information 
could be obtained from imaging techniques as already 
mentioned,36’37 or else from molecular dynamics simula- 
tions.‘-” One could then calculate the optical properties of 
particular simulated configurations and thence the average 
optical properties. 
The LB film has been treated as composed of indepen- 
dent layers and hence effectively as free-standing, but the 
effect of the film substrate can be treated. The required 
extension is achieved by including images in the substrate 
of the dipoles in the layers. 22 This procedure corresponds 
The latter procedure illustrates a desirable and feasible 
goal in improving the design of LB films for optical uses. 
Molecular dynamics would provide information on the 
structure of films, and the present type of calculation 
would provide information on the resultant optical prop- 
erties. This modeling would inform molecular synthesis, 
and structural and optical assessment of the materials so 
prepared would provide feedback to improve the predictive 
capability of the modeling. Our work forms part of a co- 
ordinated program along these lines.““’ 
TABLE XV. Independent nonzero components Xw,J(pm V-‘)2 of the 
total susceptibility in the film axes for the cascading contribution from 
Table XIII (full p) as a function of tilt from the vertical. Only compo- 
nents not involving y are given; those involving y are given in the second 
part of Table XIII. 
abW 
e xxxx XXXZ XXZZ XZX.? XZZ? zzz? 
0” 16 0 -61 ml 0 11030 
20’ 445 -433 644 1840 -4 820 14 120 
40 2 510 -4 070 5 010 10 490 - 13 590 18 250 
Subject to the foregoing caveats, the conclusions to be 
drawn from the work reported here are as follows. The 
linear and nonlinear optical response of the model LB films 
depends strongly on molecular tilt but rather little on dis- 
tortions of the underlying packing from axial symmetry. 
The dependence on tilt comes mainly from the reorienta- 
tion of the molecular response tensors. Use of the simpli- 
fied one-dimensional first hyperpolarizability tends to un- 
derestimate contributions to the nonlinear susceptibilities, 
measurements of which might then be interpreted in terms 
of an excessive tilt. Cascading makes a highly significant 
contribution to the cubic susceptibility. 
Other recent worki also considers local fields and non- 
linear optical response in a crystal model, as well as in an 
isotropic monolayer model. The conclusions for the crystal 
model differ somewhat from those reached here, with local 
field factors that may be as low as 0.5. This feature arises 
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from the use of planewise sums for point dipoles on a 
simple cubic lattice,@ which differ significantly from the 
averaged planewise sums for elongated moleculest6 used 
here. Proper treatment of the elongated molecules that typ- 
ically form LB films is known to be important.14 The 
present work shows how such a treatment can be achieved, 
and has applications not only to the optical properties re- 
ported here but also to electrical properties such as pyro- 
electricity.4’ 
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